We examine the light quark masses in a standard-like superstring model in the four dimensional free fermionic formulation. We find that the supersymmetry constraints in the observable and hidden sectors eliminate all large contributions to m u and m d and force them to be much smaller than the other quark masses.
Introduction
One of the many puzzling features of the quark spectrum is the smallness of the (current) up and down quark masses. These are not only suppressed by a factor of ∼ 10 −4 − 10 −5 with respect to the weak scale but are also much smaller than the other quark masses. According to 't Hooft's naturalness criterion [1] , the smallness of m u and m d must follow from symmetries which are broken only by a very small amount in order to result in such small m u and m d . In the limit of exact symmetry one would expect to have vanishing m u and m d . Thus, a small or vanishing m u is only natural if it is a result of some (possibly discrete) symmetry.
Another aspect of a small or vanishing m u is that m u = 0 is a possible solution to the strong CP problem [2] . By now, it is well known that a vanishing m u is not in conflict with current algebra results [3] .
Any extension of the standard model which tries to explain the origin of fermion masses must explain or at least accomodate the light fermion masses. Foremost among these are superstring theories [4] . Certainly, if superstring theories are "the theories of everything", they should explain the smallness of m u and m d in addition to the rest of the quark spectrum. It is therefore important to examine light quark masses in realistic superstring models. The purpose of this work is to see whether current up and down quark masses can be obtained in standard-like superstring models. Moreover, we would like to know if a vanishing m u is possible.
We also hope to gain an understanding of the symmetries which cause the light quark masses to be much smaller than those of other quarks.
The standard-like superstring model that we consider has the following properties [5, 6] 4. Higgs doublets that can produce realistic electro-weak symmetry breaking.
5. Anomaly cancellation, apart from a single "anomalous" U(1) which is canceled by application of the Dine-Seiberg-Witten (DSW) mechanism [7] .
As noted above, in standard-like superstring models there are no gauge and gravitational anomalies apart from a single "anomalous U(1)" symmetry. This anomalous U(1) A generates a Fayet-Iliopoulos term that breaks SUSY at the Planck scale [7] . SUSY is restored and U(1) A is broken by giving VEVs to a set of standard model singlets in the massless string spectrum along the flat F and D directions [8] . Thus, the SO(10) singlet fields in the non-renormalizable terms obtain non-vanishing VEVs by the application of the DSW mechanism.
In addition, scalars which are in the vector representations of unbroken, nonAbelian, hidden sector gauge groups condense and obtain VEVs at the condensation scale, Λ H . Then, the order N(= m + n) non-renormalizable terms, of the form cf f h(Φ m V n /M) N −3 (for n = 0, 2), become effective Yukawa terms, where f, h, Φ, V denote fermions, scalar doublets, scalar singlets and hidden sector states, respectively. M is a Planck scale mass to be defined later. The effective Yukawa couplings are given by λ = c( Φ m V n /M) N −3 where the calculable coefficients c are of order one [9] . In this manner quark mass terms, as well as quark mixing terms, can be obtained. Realistic quark mixing and masses for the two heavy generations have been obtained for a suitable choice of scalar VEVs [10] .
In Ref. (11) the quark mass hierarchy for the heaviest two generations was obtained by giving mass from the cubic superpotential only to the top quark. The other quarks except the light ones (i.e. u and d) get their masses from N = 5 non-renormalizable terms and hence they are suppressed relative to the top mass by a factor of Φ 2 /M 2 ∼ 10 −2 − 10 −3 . It was also noticed that light quark masses cannot arise only from the observable sector VEVs, to any order in N, due to SUSY constraints in the observable sector.
In this work we examine the contributions to light quark masses that arise from hidden sector VEVs in addition to those from the observable sector. We find that SUSY constraints in the observable and hidden sectors (with the requirement of realistic heavy quark masses) eliminate the potentially large contributions to up and down masses. In fact, SUSY constrains m u and m d to be around the MeV scale. This can be explained as a result of an effective Z 4 symmetry arising from the SUSY constraints. There are two possible scenarios in which eitherh 1 orh 2 is the light Higgs doublet that couples to the up-like quarks. In both cases the doublet that couples to down-like quarks is h 45 . We find that a realistic m d ∼ MeV can be obtained in both cases from the off-diagonal terms in the down quark mass matrix. On the other hand, we find that m u is at most ∼ 10 −5 MeV which is six orders of magnitude smaller than its value obtained from current algebra i.e.
∼ 5 MeV but not small enough to solve the strong CP problem naturally. If we take Φ + 3 = 0, then the only contribution to m u comes from N = 8 terms which contain hidden sector condensates and give m u ∼ 10 −6 MeV . We also find that m u vanishes up to N = 8 for a flat direction with Φ The paper is organized as follows. In Section 2, we review the superstring model. In Section 3, we find the SUSY constraints on VEVs of the hidden sector states in addition to those of the observable sector states. In Section 4, we examine the Higgs doublet mass matrix and find the constraints for a realistic Higgs doublet spectrum. In Section 5, we obtain the up and down quark mass matrices and examine the contributions to the light quark masses in detail. We also consider all possible kinds of non-renormalizable terms which contribute to m u and m d . In Section 6, we present a discussion and our conclusions.
The superstring model
The superstring standard-like models are constructed in the four dimensional free fermionic formulation [12] . The models are generated by a basis of eight bound-ary condition vectors for all world-sheet fermions. The first five vectors in the basis consist of the NAHE set {1, S, b 1 , b 2 , b 3 } [13] . The standard-like models are constructed by adding three additional vectors to the NAHE set [5, 6] . The observable and hidden gauge groups after application of the generalized GSO projections are
respectively. The weak hypercharge is given by
has the standard SO(10) embedding. The orthogonal combination is given by
The model has six right-handed and six left-handed horizontal symmetries U(1) rj × U(1) ℓj (j = 1, . . . , 6), which correspond to the right-moving and left-moving world-sheet currents respectively.
The full massless spectrum with the quantum numbers was presented in Ref.
[5]. Here we list only the states that are relevant for the quark mass matrices.
(a) The b 1,2,3 sectors produce three SO(10) chiral generations, The sectors b j + 2γ + (I) (j = 1, .., 3) give vector-like representations that are
C singlets and transform as 5,5 and 3,3 under the hidden SU(5) and SU(3) gauge groups, respectively (see Table 1 ). The states from the sectors b j + 2γ + (I) produce the mixing between the chiral generations [10] . In addition, they give masses to the light Higgs doublets and light quarks from non-renormalizable terms in the superpotential as we will see below.
The massless spectrum also contains states from sectors with some combination of {b 1 , b 2 , b 3 , α, β} and γ + (I). These states are model dependent and carry either fractional electric charge or U(1) Z ′ charge. The ones with fractional charges get large masses from non-renormalizable interactions and decouple from the spectrum. The states with U(1) Z ′ charge are listed in Table 2 . These appear in the trilevel superpotential and mix with states from the observable sector. As a result,
we will see that there are non-trivial constraints on the VEVs of these from SUSY and an aceptable Higgs doublet spectrum.
In addition to the spectrum, we have to consider the superpotential of the model. Cubic and non-renormalizable contributions to the superpotential are obtained by calculating correlators between vertex operators [9] A N ∼ V
are the fermionic (bosonic) vertex operators corresponding to different fields. The non-vanishing terms are obtained by applying the rules of Ref. [9] .
At the cubic level the following terms are obtained in the observable and hidden sectors [5] , 
with a common normalization constant √ 2g.
There are higher order (i.e. N > 3) contributions to the superpotential which can be calculated from the world-sheet correlators. Among other things, these give masses to the quarks, Higgs doublets [6, 14, 11] and induce quark mixing [10] etc.
SUSY
In order to preserve SUSY at M P , one has to satisfy a set of F and D constraints. The set of F and D constraints is given by the following equations:
where χ k and η i are the fields that do and do not get VEVs respectively and
and W is the superpotential. The charges Q j′ k correspond to linear combinations of the original local U(1) rj which are non-anomalous whereas Q A corresponds to an anomalous U(1) local symmetry with T r(Q A ) = 180 [5, 14] . From the DSW mechanism, the D constraint for the anomalous U(1) A gets an additional term proportional to T r(Q A ). From Eq. (6a) we see that, SO (10) The set of F constraints in the observable sector has been studied before [14] .
One finds that SUSY requires (when either H 23 = H 25 = 0 or H 24 = H 26 = 0 which as we will see below is the case)
even though the number of fields is larger than the number of constraints. Then, one is left with only three F constraints from the observable sector:
In the hidden sector, on the other hand, we get the following F constraints:
As we will see in Section 5, the requirement of realistic (or non-zero) b, s, µ and τ masses means that ξ 1 and ξ 2 must get VEVs. Then, from the above F constraints we see that
in order to preserve SUSY at M P . H 19 and H 20 are 5 and5 of SU (5) H and obtain masses of ξ 2 /2 ∼ M. Therefore, they decouple from the spectrum before the hidden SU (5) 
where the SUSY constraints Eq. (7) and Eq. (10) to the problem we examine, we simply assume that this is the case and not expand on this point further.
Higgs doublets also get masses from higher order non-renormalizable terms.
Since onlyh 1 orh 2 and h 45 are relevant for quark mass matrices we list only the terms involving them. There are terms which contain hidden sector states with
Similar terms for h 1 andh 1 do not exist because of U(1) r1 conservation. The potentially dangerous terms (12a,b) vanish due to SUSY constraints in the hidden sector. In addition, there are terms which contain states from the sectors b j + 2γ + (I) such as
Also there are terms which induce a mixing i.e. µ terms such as
In order to get enough quark mixing, one needs V j ∼ 10 16 GeV . This means that V j does not arise from condensation of SU (3) is light, we have to take Φ − 3 = 0 ( Φ + 3 = 0). Then, Higgs mixing will arise from higher order terms which are smaller and acceptable.
Light Quark Masses
At the cubic order of the superpotential, there is only a mass term for the heaviest up quark i.e. the top when onlyh 1 orh 2 remains light. The light Higgs doublet with Q L = 1 determines the heaviest generation. At the quartic order there are no potential quark mass terms. At the quintic order the following mass terms are obtained [11] ,
The mass term from the cubic superpotential and the terms above give the mass hierarchy between the two heavy quark generations. The heaviest up-like quark mass term appears at N = 3 whereas the mass terms for the other quarks (except for the light ones) appear at N = 5. The latter are suppressed by a factor of Φ 2 /M 2 ∼ (1/25) 2 relative to the former and as a result one can easily obtain the two or three orders of magnitude suppression required. The analysis of the non-renormalizable terms up to order N = 8 shows that quark mixing terms are obtained for all generations [10] . The full list of terms that give mixing between the quarks have been given in Ref. (10) and will not be repeated here. In addition there are lepton mass terms [14] 
There are two possible scenarios withh 1 orh 2 as the light doublet that couples to the up-like quarks. (An additional possibility is that a linear combination of the two remains light. That case is easy to examine once these two are understood.) In both cases the down-like quarks couple to h 45 because of Q ℓj quantum numbers.
In the first case, withh 1 and h 45 as the light doublets, we get with a suitable set of SO(10) singlets with VEVs [10] (and the SUSY constraints from Eq. (7))
and
where ǫ 1,2 are small numbers to be determined below. In the second case, where the light doublets areh 2 and h 45 , we get with the same set of VEVs[10]
As explained in Ref. (10) 
Since we are only interested in order of magnitude results, we will loosely take tanβ = h 1,2 / h 45 ∼ 1 in both cases.
From Eqs. (15a-e) and the mass matrices we see that in both cases the light generation is fixed to be the one with index 3 since it is by far the lightest. The heaviest generation is the one with index 1 (2) for the first (second) case since the light Higgs doublet which couples to up-like quarks in the cubic superpotential is h 1 (h 2 ). If we consider only the observable sector of the spectrum, we find that there are potential Q 3 u 3 and Q 3 d 3 terms such as
These terms potentially induce very large masses to up and down quarks. (For generic VEVs, they give m u ∼ GeV and m d ∼ 100 MeV .) Fortunately, they vanish due to the SUSY constraints in the observable sector as given by Eq. (7).
The SUSY constraints gaurantee that all potential Q 3 u 3 or Q 3 d 3 terms, arising only from the observable states, vanish to all orders in N as follows [11] . Q 3 , u 3 and d 3
have Q ℓ3 = 1/2 and the only SO (10) Finally, we have terms which contain states from the hidden sectors b j + 2γ + (I).
At N = 8 we get terms with T jTj and V jVj
The terms containing V 3V3 can potentially induce m u and m d of O(MeV ). These vanish since only one V j orV j from every sector can get a VEV as we saw before. We stress that the potentially large up and down mass terms in Eqs. (21) and (22) at N + 1 from terms at N by adding ξ 1 . This is not the case because string (or world-sheet) selection rules require that, whenever one adds ξ 1 to a non-vanishing string of fields, another field (with VEV ∼ M/25) accompany it. Then, one can form terms only at order N + 2 (by adding ξ 1 to an order N term) and these are suppressed relative to order N terms by at least an order of magnitude. Note that the contribution of the terms in Eq. (23a-c) is extremely small (∼ 10 −6 MeV !) compared to the above.
The situation for m u is different. We find that
On the other hand, since ξ 1 ∼ M, from the m µ term, Eq.(16b), we obtain Φ + 2 ∼ 10 −3 M. Using (M u ) 22 = m c ∼ 1.5 GeV we get m u ∼ 10 −5 MeV which is six orders of magnitude smaller than the current up mass and too large to solve the strong CP problem naturally. In order to solve the strong CP problem one needs [2] θ tot z 1 + z < 10
where θ tot = θ QCD + θ quarks and z = m u /m d . For the current quark masses m u ∼ 5 MeV and m d ∼ 9 MeV one needs θ tot < 10 −9 which is the strong CP problem. It has been shown that there are no axions which can solve the strong CP problem in standard-like superstring models [15] . An alternative solution is θ tot of O(1) and z < 10 −9 which requires a very small or vanishing up quark mass.
We remind that such a small m u is compatible with current algebra results [3] . Why are the light quark masses so small compared to other quark masses or the weak scale? We see that SUSY preservation in the observable and hidden sectors, with the requirement of realistic heavy quark and lepton masses, plays a very important role in this respect. In general, there are potentially large mass terms for u and d from states in the observable sector. These vanish to all orders due to the SUSY constraints in the observable sector. There are additional terms coming from the hidden sector states with U(1) Z ′ charge. These, too, vanish due to SUSY constraints in the hidden sector (using the requirement of a realistic heavy quark and lepton spectrum). As a result, the only non-vanishing Q 3 u 3 and Q 3 d 3 terms arise from VEVs of hidden sector condensates T jTj which break SUSY dynamically in the hidden sector or from terms containing V jVj . The former are extremely small (∼ 10 −6 MeV ) since they are suppressed by (Λ 2 H /M 2 ) ∼ 10 −8 with respect to the others. The latter which can potentially give MeV scale up and down masses vanish due to the constraints from an acceptable Higgs doublet spectrum.
There are also contributions to m u and m d from the off-diagonal terms in up and down quark mass matrices (through diagonalization). These off-diagonal elements or mixing terms arise from VEVs of hidden sector states (V iVj etc.). In any case, the mixing terms are small compared to the diagonal (or mass) terms i.e.
(M u,d ) ij << (M u,d ) ii (1 < i, j < 3) except for the 33 terms, that is except for the light quark mass terms. As a result, the contribution of the mixing terms to the light quark masses is much smaller than other quark masses.
Why is m u so much smaller than m d in this model? One reason is the different contributions coming from the mixing terms in the mass matrices as explained above. The other is the elimination of the terms containing V jVj due to the constraints from an acceptable Higgs doublet spectrum. These terms are the only ones which give an MeV scale contribution to m u in this model.
Our results can also be explained by using symmetry arguments. SUSY constraints in the observable and hidden sectors force a number of VEVs to vanish. This, in turn, results in an effective Z 4 symmetry (with parameter α, where α 4 = 1). Under this Z 4 , Q 3 , u 3 , d 3 have charge α and T j ,T j , V j ,V j have charge α 3 .
Then, the only potential up and down mass terms come from terms which contain T jTj and V jVj or from mixing terms as we saw. Once different T j and V j get VEVs, the Z 4 symmetry is broken and up and down quarks obtain masses.
We conclude that, in the standard-like superstring model considered, m u can-not be as large as a few MeV s. In fact it is at most 10 −5 MeV . For a family of flat directions or vacua m u can be as small as 10 −7 MeV but not much smaller. This range of up masses i.e. 10 −7 MeV < m u < 10 −5 MeV cannot solve the strong CP problem naturally but is compatible with current algebra results. An acceptable m d at the MeV scale can easily be obtained. We find that the smallness of the light quark masses relative to the other quark masses is connected to supersymmetry preservation in the observable and hidden sectors and the requirement for a realistic haevy quark and lepton spectrum.
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